Introduction
Single-molecule magnets show potential in spin-based computing and information storage, but such applications are currently precluded by low operating temperatures.
1 The operating temperature is typically dened by the magnetic blocking temperature (T b )-the temperature at which the magnetic relaxation time, s, is equal to 100 seconds-or, less quantitatively, by the maximum temperature at which magnetic hysteresis is observed. 2 Many of the most signicant advances in increasing T b for single-molecule magnets have been made with lanthanide-based systems, as the large anisotropies of the 4f elements can be exploited to achieve unparalleled thermal barriers to magnetic relaxation.
3 In particular, strongly-coupled, multinuclear lanthanide complexes have dominated efforts to maximize operating temperature, as the giant-spin ground states of these molecules can suppress rapid through-barrier magnetic relaxation processes that oen preclude magnetic hysteresis. show magnetic hysteresis at temperatures up to 60 K, as observed using a sweep rate of 2.2 mT s À1 , 5 a substantial increase over the previous record of 28 K.
4c Signicantly, this molecule represents an outlier in its class: while the majority of mononuclear single-molecule magnets show only waist-constricted magnetic hysteresis and little or no remanent magnetization due to quantum tunneling of the magnetization, 6 [Dy(Cp ttt ) 2 ] + retains polarization at zero eld and high temperatures. 7 Magnetic and computational studies suggest that the impressive magnetic properties of [Dy(Cp ttt ) 2 ] + arise from its unique coordination environment-in particular, the rigid h 5 -cyclopentadienyl ligands constrain metal-ligand vibrational modes, thereby reducing pathways for throughbarrier relaxation. 5b This represents a new approach to limiting through-barrier magnetic relaxation and enabling higher operating temperatures. It is thus essential to develop a deeper understanding of how structure inuences the magnetic properties of [Dy(Cp X ) 2 ] + complexes in order to determine how coordination environment can be tuned to further increase operating temperatures. 8 The design of mononuclear 4f-element single-molecule magnets can be guided by a simple electrostatic model that compares the shape of lanthanide M J electron distributions to the crystal eld.
9 A number of studies of mononuclear, D 5h -symmetric complexes with strongly-donating axial ligands have demonstrated the validity of this qualitative approach, with molecules in this class possessing thermal barriers to magnetic relaxation as large as 1260 cm
À1
. The obtained fulvenes were assayed via GC-MS, and purities of 86% and 85% were found for tetraisopropylfulvene and methylsubstituted tetraisopropylfulvene, respectively. The main impurity in both cases was a mixture of tetraisopropylcyclopentadiene isomers. The salt NaCp iPr5 was obtained from methyl-substituted tetraisopropylfulvene in two steps via a combination of literature methods 12,13 with modications detailed below. Methyl-substituted tetraisopropylfulvene was initially converted to the Li + salt of pentaisopropylcyclopentadiene by the method of Dezember et al. 12 and hydrolyzed in situ by careful addition of H 2 O to give free pentaisopropylcyclopentadiene aer extraction into Et 2 O and solvent removal. The resulting compound was deprotonated using excess NaNH 2 (1.2 equiv.) in reuxing THF with the aid of sonication via a known method. 13 The salt NaCp iPr5 was extracted from the crude material (mostly a mixture of NaCp iPr4 and NaCp iPr5 ) with benzene and the solvent removed under vacuum. The off-white solid was dried under vacuum at 100 C for 2 h to remove coordinated THF, washed with pentane, and dried under vacuum at room temperature to give pure NaCp iPr5 as a white powder. GC-MS experiments were performed using a Thermo Scientic Exactive GC-MS (Orbitrap) with a Thermo Scientic Trace 1310 GC using a TG-5SILMS column. NMR spectra were recorded on a Bruker Avance 300 MHz or 500 MHz spectrometer and internally referenced to the residual solvent signals. FT-IR spectra were recorded on a Perkin Elmer Avatar Spectrum 400 FTIR Spectrometer equipped with an attenuated total reec-tance (ATR) attachment. Elemental analyses (C, H, N) were performed by the Microanalytical Facility at the University of California, Berkeley using a Perkin-Elmer 2400 Series II combustion analyzer. Metals analyses (Dy, Y) were performed on a Thermo Fisher Scientic iCAP 6300 Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES). Magnetic susceptibility measurements were collected using a Quantum Design MPMS2 SQUID magnetometer; additional details including description of magnetic measurements, sample preparation, and data tting are included in the ESI. † 10 mmol) were combined in a 35 mL pressure ask containing a glass-coated magnetic stirring bar. Toluene (15 mL) was then added, and the reaction ask was covered in Al foil and heated gradually to 160 C with vigorous stirring. Aer 72 h at 160 C, the ask was allowed to cool to room temperature, the reaction mixture was ltered through Celite, and the pad was washed with additional toluene (3 Â 5 mL). Solvent was removed from the ltrate under vacuum and the residue was then gently heated (50 C) under vacuum for 1 h. The residue was taken up in pentane (25 mL), stirred for 0.5 h, ltered through Celite, and the pad washed with additional pentane (3 Â 5 mL). Solvent was removed from the ltrate under vacuum and the residue was then gently heated Aer stirring for 72 h at room temperature, solvent was removed from the reaction mixture under vacuum. The residue was then slurried with pentane (20 mL) for 0.5 h to yield a powder which was collected on a medium-porosity fritted lter and washed with pentane (3 Â 10 mL). This solid was dried under vacuum, dissolved in dichloromethane (4 mL), ltered with the aid of Celite through a 0.2 mm porosity PTFE syringe lter, and layered with pentane (15 mL) in a 20 mL vial. Aer 48 h at room temperature, well-formed crystals were obtained, isolated on a mediumporosity fritted lter, and washed consecutively with pentane (5 mL), benzene (2 Â 5 mL) and pentane (5 mL). The crystallization was repeated and the twice recrystallized solid was dried under vacuum to yield 4 as orange needles (0.35 g, 57% yield based on DyI 3 ). 
Results and discussion
In designing this series of complexes, we sought tetra-and penta-substituted cyclopentadienyl ligands with sufficient steric bulk to preclude coordination of equatorial ligands, such as coordinating solvent. We thus targeted the known tetra-and pentaisopropyl substituted Cp ligands, as well as two new tetraisopropyl substituted Cp variants, all of which were obtained as the sodium salts, NaCp iPr4R (R ¼ H, Me, Et, iPr). The tetraisopropyl substituted ligand, NaCp iPr4 was synthesized as previously described by step-wise deprotonation and alkylation of cyclopentadiene in three steps. 11 Although it is possible to obtain NaCp iPr5 by further direct alkylation of NaCp iPr4 , the yield for the nal alkylation step is very low, producing mainly geminally-substituted isomers. Rather, NaCp iPr5 was obtained from NaCp iPr4 in four steps using the high-yielding fulvene route. 12 The lithium salt acquired initially was hydrolyzed and then deprotonated with NaNH 2 , activated by sonication, to give the desired sodium salt.
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In order to complete a stepwise series of metallocenium salts in which the R group in Cp iPr4R varies by only one methyl or methylene group in adjacent members of the series, it was necessary to synthesize the heretofore unknown tetraisopropyl substituted Cp ligand salts NaCp iPr4R (R ¼ Me, Et). This was achieved by exploitation of the fulvene route used to prepare NaCp iPr5 . Here, tetraisopropylfulvene and methyl-substituted tetraisopropylfulvene 12 reacted with excess LiAlH 4 and were then hydrolyzed to produce the corresponding cyclopentadiene isomer mixtures. These were then converted to the sodium salts NaCp iPr4Me and NaCp iPr4Et with sonication in the presence of excess NaNH 2 (Scheme 1). In all cases, the sodium salts were preferred for their moderate solubility and ready accessibility as ether-free compounds, allowing facile workup in subsequent steps. For example, the lithium salt of Cp iPr5 is obtained as the diethyl etherate and is soluble in pentane, 12 whereas the sodium salt can be freed of coordinated THF by heating under vacuum and is soluble in arenes but insoluble in alkanes.
With the Cp transfer reagents in hand, we turned to the synthesis of the neutral dysprosium compounds, Dy(Cp molecules in the asymmetric unit, while compounds 3 and 4 crystallize with only one molecule in the asymmetric unit. The structural analyses were complicated by pseudomerohedral twinning for 1 and 2 and positional disorder in 2 and 4. Two of the cyclopentadienyl ligands in the structure of 2 are disordered, each over two positions, and the Dy III center in the structure of 4 displays positional disorder over four sites (see ESI † for renement details). Twinning and disorder were found to be consistent over several tested crystal samples.
Scheme 1 Synthesis of NaCp iPr4Me and NaCp iPr4Et .
Scheme 2 Synthesis of metallocene salts 1-4 and Y1-Y4.
The Dy-Cp separations, as assessed by the distances from the Dy atom to the centroid of each cyclopentadienyl ligand, lie in the ranges 2.27(1)-2.30(1)Å for 1, 2.273(3)-2.382(3)Å for 2, 2.297(4)-2.306(4)Å for 3, and 2.245(15)-2.392(16)Å for 4. Because of the disorder present in each structure and the similarity in the resulting bond distances (within statistical error), it was not possible to derive a meaningful structural trend from these distances alone. Nonetheless, a trend can be drawn from the major component in each of the crystal structures: the average Dy-Cp(centroid) distances for the major component are 2.29(1), 2.298(5), 2.302(6), and 2.340(7)Å for 1-4, respectively (Table 1) . Although the average Dy-Cp(centroid) distance does not vary by more than the statistical error in some adjacent members of the series (e.g., 1 and 2), the change is statistically signicant across the series as a whole. Similarly, the average Dy-C distances for the major component are 2.587(5), 2.600(3), 2.596(2), and 2.625(3)Å for 1-4, respectively. The increase of both the average Dy-Cp(centroid) and Dy-C distances suggests elongation of the interaction between the Dy atom and the cyclopentadienyl rings as the series progresses from 1 to 4. In addition, the Cp-Dy-Cp angle increases across the series, lying in the ranges 146.5(8)-148.0(8), 155.9(3)-157.3(4), 161.1(2), and 157.8(2)-167.9 (15) in 1-4, respectively ( The solid-state structures of the yttrium metallocene salts Y1-Y4 were also investigated by single-crystal X-ray diffraction (Fig. S31-S34 C-NMR spectra, only the meso isomer is observed in the crystal structure.
In order to investigate the effect of the structural changes on the magnetic properties of each complex, dc magnetic susceptibility data were collected for 1-4 from 2 to 300 K under an applied magnetic eld of 1 kOe (Fig. S35, S37, S39 and S41 †) À counteranions, and positional disorder are omitted for clarity. for 1 and 4, respectively, under a 10 kOe dc eld (Fig. S36 and S42 †). For all compounds, c M T gradually decreases as the temperature is lowered followed by a precipitous drop at low temperatures. This sudden decrease in c M T is indicative of magnetic blocking, wherein the magnetic moments of individual crystallites in the sample become pinned along a preferred axis and no longer respond to an external magnetic eld.
Field-cooled and zero-eld cooled measurements collected under an applied magnetic eld of 1 kOe were compared for 1-4 (Fig. 2) , as the temperature at which these measurements diverge (T irrev ) can provide an estimate of the magnetic blocking temperature.
2 Divergence in these curves occurs at 28, 65, 60, and 60 K for 1 through 4, respectively. Such a large range in T irrev provided an initial indication that the structural changes across this series induce major changes in the magnetic behavior. This result also suggested that compound 2 might exhibit a higher operating temperature than [Dy(Cp ttt ) 2 ] + , which shows a divergence in eld-cooled and zero-eld cooled data at 61 K.
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However, T irrev varies with both the applied magnetic eld used to conduct the experiment and the sweep rate, 2,21 and thus we turned to measurements of the magnetic relaxation time to more accurately determine the operating temperature.
High-temperature magnetic relaxation in 1-4 was probed by ac magnetic susceptibility measurements from 70 to 114 K (Fig. 3, S43, S46 and S48 †) . Magnetic relaxation times, s, were extracted from a simultaneous t of in-phase (c 0 ) and out-ofphase (c 00 ) components of the magnetic susceptibility to a generalized Debye model (Fig. S44, S45 , S47 and S49 †). Despite the two molecules observed in the crystal structures of 1 and 2, and the positional disorder in 2 and 4, only one peak was observed in the ac susceptibility data for each compound. In this high temperature regime, Arrhenius plots of inverse temperature versus the natural log of s are linear, indicative of a thermally-activated Orbach relaxation process (Fig. 4, The values of U eff for 1-4 can be rationalized through structural trends. The magnitude of U eff should depend on both the metal-ligand bond distances and the geometry of the ligand Fig. 2 Field-cooled (red) and zero-field cooled (blue) magnetic susceptibility measurements collected at H dc ¼ 1000 Oe for 1-4 (left to right). Dashed lines mark T irrev , the temperature at which the two plots diverge. eld (i.e., axial or equatorial). Such correlations have been quantied via ab initio calculations for a hypothetical twocoordinate Dy III complex with alkyl ligands. 23 In that study, it was found that U increased linearly with the L-M-L angle at low angles (90 to 150 ), tapering its growth at high angles, and attening above 170
. In contrast, U increased linearly as the M-L bond distance decreased across all bond lengths calculated.
In the series 1-4, the most bent metallocene is 1, with a CpDy-Cp angle of 147.2 (8) . Complex 1 also shows the smallest thermal barrier to magnetic relaxation. Linearity increases by nearly 10 in 2 (156.6(3) ) and even further in 3 (161.1 (2) ) and 4 (162.1 (7) ), resulting in larger U eff values for the high-angle set 2-4. Within these three compounds, U eff should vary less substantially with bond angle, and instead bond distance should have the largest impact on the relaxation barrier. Indeed, U eff increases upon going from 4 to 2, as the average Dy-C distance for the major disordered component in the crystal structure decreases. This magneto-structural correlation is signicant for the design of future Dy III metallocene cations. While steric bulk in the cyclopentadienyl ligand increases the linearity of the complex in 1-4, it also tends to promote longer Dy-C distances. These factors have opposing effects on the magnitude of U eff , with the angle having a larger impact at low angles and the bond distance having a larger impact at high angles. Clearly, cyclopentadienyl ligands that can achieve a balance between promoting a large Cp-Dy-Cp angle and short Dy-C bond distances are worth pursuing. Increasing the Cp-Dy-Cp angle and decreasing the Dy-C bond distances increases the axiality of the ligand eld surrounding the Dy III ion in these metallocenium salts, resulting in larger thermal barriers to magnetic relaxation. This is consistent with electrostatic models that have been used to guide the synthesis of lanthanide-based single-molecule magnets.
9 Studies on molecules of the type Cp * 2 DyE n (E ¼ equatorial ligand) have also found that increasing the axiality of the ligand eld at Dy III results in larger thermal barriers, with weaker equatorial ligands leading to larger U eff .
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To probe magnetic relaxation behavior at lower temperatures, dc magnetic relaxation measurements were conducted for 1-4 from 2 to 64 K (Fig. 4, blue circles) . Relaxation times were extracted from magnetization versus time plots by tting the data with a stretched exponential function (for full details see the ESI, Fig. S50-S68 and Tables S3-S6 †). The temperature dependence of s at intermediate temperatures (20 to 64 K) is indicative of Raman relaxation, while at low temperatures the relaxation time tends toward a constant value, indicative of quantum tunneling of the magnetization. The full range of ac magnetic susceptibility and dc magnetic relaxation data could be t to the equation s À1 ¼ s 0
À1
e ÀUeff/kT + CT n + s tunnel À1 (Fig. 4 and lead to changes in magnetic relaxation time, a hypothesis that has yet to be experimentally veried. 5b Substituting the ring hydrogen in 1 with alkyl substituents in 2-4 results in up to a 45 K increase in the blocking temperature. This result clearly illustrates that substitution of the cyclopentadienyl ligands in dysprosium metallocene cations is a powerful tool for tuning magnetic relaxation and T b .
While changes in ligand substitution modify molecular vibrations, molecular structure and anisotropy are also affected. It is therefore likely that a variety of factors inuence changes in T b . Clearly, spin dynamics calculations are worth pursuing to determine if the contributions of molecular vibrations to magnetic relaxation in this series can be generalized to other molecules in this class. It is worth noting that the 100 s blocking temperature for 1-4 occurs in the regime in which Raman relaxation dominates. While spin dynamics calculations can provide insight into the contribution of molecular vibrations to high-temperature, Orbach relaxation, models have not yet been developed for through-barrier relaxation processes such as Raman relaxation or quantum tunneling of the magnetization.
5b As such, developing a more quantitative magnetostructural correlation for the operating temperature in this series will require further development of theories on the impact of molecular vibrations on through-barrier magnetic relaxation. A well-characterized series like 1-4 that varies only slightly in substitution, but substantially in molecular structure and magnetic relaxation could lay the experimental groundwork for such theoretical studies. Insights from these calculations could be signicant to the design of new cyclopentadienyl ligands to maximize operating temperatures in Dy III metallocene cations. The trend in s tunnel for 1-4 deviates from that observed for T b ; namely, compounds 1 and 3 show the fastest quantum tunneling of the magnetization, while 2 and 4 show much larger s tunnel values (Table 1) . As the rate of quantum tunneling can be inuenced by intermolecular dipole interactions, largely dictated by crystal packing, 28 magnetically dilute samples of 1-4 were synthesized in order to enable a more accurate comparison of s tunnel .
Dilute samples 1-4@Y were prepared by co-crystallization of 1-4 in a 1 : 9 ratio with the analogous Y III compound Y1-Y4. Dc magnetic susceptibility measurements of the dilute samples matched those of 1-4 at temperatures above 50 K. Relaxation times extracted from dc magnetic relaxation measurements of 1-4@Y also matched those determined for 1-4 at the highest temperatures measured for each compound. This consistency suggests that the local molecular structure of 1-4-responsible for the high-temperature magnetic relaxation dynamics-is unchanged upon dilution, despite differences in the structures of Y1-Y4. The value of s tunnel , extracted from dc magnetic relaxation measurements of 1-4@Y at 2 K, differs from the undiluted samples, increasing to 1783, 11 200, 1125, and 1956 s, respectively. While the values of s tunnel for 1-4@Y are substantially larger than those determined for the undiluted samples, the same overall trend is observed for the series, with the exception that 1@Y shows slower tunneling than 3@Y. The trend in s tunnel breaks from that observed for the 100 s blocking temperature. While 2@Y shows the slowest quantum tunneling, 1@Y shows a value of s tunnel close to that of 4@Y and larger than that observed for 3@Y. Substitution of the ring hydrogen in 1 with alkyl substituents in 2-4 does not have a consistent inuence on the rate of quantum tunneling, as it did on the rate of Raman relaxation, which dictates T b . This underscores the need to develop a deeper understanding of the role of molecular vibrations in through-barrier magnetic relaxation. Though molecular symmetry has been shown to inu-ence magnetic relaxation in single-molecule magnets, 29 there is no apparent magneto-structural correlation between molecular symmetry and quantum tunneling of the magnetization or blocking temperature in the series 1-4, which all possess C 1 symmetry.
Magnetic hysteresis data were collected for 1-4 at several temperatures in the range 2-72 K by sweeping the eld between 7 and À7 T. For elds below 2 T, a magnetic eld sweep rate of 3.1(4) mT s À1 was employed, similar to that used in hysteresis measurements of [Dy(Cp ttt ) 2 ] + . 5 A step is observed at zero eld at 2 K, resulting in remanent magnetization values (M r ) of 2.6, 4.4, 3.9, and 4.2 m B for complexes 1 through 4. The magnitude of the remanent magnetization and the coercive eld (H c ) for each complex mirrors the trend in s tunnel (Fig. 5a , Table 1 ).
The hysteresis loops remain open at temperatures as high as 32, 72, 66 and 66 K for 1 through 4, respectively (Fig. 5b) . The maximum temperatures in the case of complexes 2-4 are higher than the 60 K maximum determined for [Dy(Cp ttt ) 2 ] + , 5 and this observation is consistent with the trend observed in T b . Notably, the maximum hysteresis temperature for compound 2 is the highest that has yet been reported for a single-molecule magnet, approaching the temperature of liquid nitrogen (77 K).
Conclusions
The metallocene cation salts [Dy (Cp  iPr4R ) Single-crystal X-ray diffraction studies reveal that more sterically encumbered cyclopentadienyl ligands promote longer average Dy-C distances and larger Cp-Dy-Cp angles. As demonstrated by the record thermal barrier to magnetic inversion of 1468 cm À1 determined for compound 2, a balance must be struck between achieving a large Cp-Dy-Cp angle and short Dy-C distances in order to maximize anisotropy. Compounds 1-4 provide experimental support for the hypothesis that modifying cyclopentadienyl ring substituents can tune metal-ligand vibrational modes, impacting magnetic relaxation.
5b In the series investigated here, substituent modication notably results in a 45 K increase in the magnetic blocking temperature across the series, with complex 2 exhibiting the highest 100 s blocking temperature and hysteresis temperature yet measured for a single molecule magnet. Expanding the magneto-structural correlations presented in this study with ab initio calculations is a clear next step towards developing generalizable design principles for the synthesis of [Dy(CpX) 2 
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